1. Emergence and inland dispersal of adult stoneflies (Plecoptera) and caddisflies (Trichoptera) from Broadstone Stream, an acidic and iron-rich stream in southern England, were studied over 10 months in 1996±1997. Fifteen pyramidal emergence traps were placed randomly in a 200-m stretch. Three Malaise traps were placed above the stream and six more on each side (one wooded, one open) along a transect at distances of 1, 15, 30, 45, 60 and 75 m from the channel. 2. More than 16 000 stoneflies, belonging to 11 species, and just under 400 caddisflies (22 species) were caught. Four dominant stoneflies (Leuctra fusca, Leuctra nigra, Leuctra hippopus and Nemurella pictetii) accounted for 96% and 95% of the catches in the emergence and Malaise traps, respectively. Two caddisflies (Plectrocnemia conspersa and Potamophylax cingulatus) accounted for 63% of the catch in the Malaise traps. Few caddisflies were taken in emergence traps. 3. The emergence periods of L. fusca, L. nigra and L. hippopus were well-defined and unimodal, whereas that of N. pictetii was prolonged and erratic. Overall, more females (1285) emerged than males (740). 4. Female stoneflies and caddisflies were in the majority in the Malaise traps above the stream. On land, significantly more females than males of L. fusca, L. nigra and P. cingulatus were caught. The sex ratio of the remaining species did not deviate significantly from 1:1. 5. The three Malaise traps placed above the stream caught most of the stoneflies though there was also dispersal away from the channel, the numbers caught declining with distance. Exponential models explained between 67% and 99% of the variation in numbers of individuals with distance from the channel in the four common stoneflies. Half the individuals went less than 11±16 m from the stream, while 90% travelled less than 51 m. Significantly more L. nigra and N. pictetii were caught in the woodland than on the open side, whereas L. hippopus showed no overall preference for either side.
Introduction
Attempts to restore streams previously degraded by chemical pollution or by channelization have led to renewed interest in the process by which inverte-brates colonize such systems (Milner, 1996) . Rapid recolonization was often expected (Fuchs & Statzner, 1990; Malmqvist et al., 1991) , but some streams still have an impoverished insect fauna years after improvements were implemented (Fuchs & Statzner, 1990; Hildrew & Ormerod, 1995; Kronvang et al., 1997) . The reason for this may lie in the means by which recolonization is achieved. Where remnant populations occur in the same catchment, colonization may be fast through larval drift, upstream migration and local oviposition (Sode & Wiberg-Larsen, 1993) . However, where colonization requires overland flight by egg-bearing females from neighbouring catchments, recovery may be much slower.
The contributions of drift and upstream larval movement to colonization are well documented (Williams & Hynes, 1976; Bird & Hynes, 1981b; So È derstro È m, 1987; Mackay, 1992) , and many studies inspired by the colonization cycle theory of Mu È ller (1954 Mu È ller ( , 1982 have been carried out to investigate the migration of insects above the stream (Roos, 1957; Elliott, 1967; Bishop & Hynes, 1969; Madsen, Bengtson & Butz, 1973 Madsen & Butz, 1976; Neves, 1979; Bird & Hynes, 1981a; Solem & Bongard, 1987; Jones & Resh, 1988; Williams & Williams, 1993) . Apart from these studies, very little is known in general about the impact of the behaviour of adult aquatic insects on larval abundance (Statzner, 1978; Harrison & Hildrew, 1998) and in particular, about the dispersal by flight perpendicular to streams (Kovats, Ciborowski & Corkum, 1996) . This study focused on the emergence and`inland dispersal' of adult stoneflies (Plecoptera) and caddisflies (Trichoptera) from a small stream. The objective was to describe the dispersal of several common species, comparing males and females, and the distances which the insects travelled. Furthermore, dispersal was related to riparian vegetation as it may also affect the dispersal of adult aquatic insects (Svensson, 1974; Jackson & Resh, 1989a,b; Collier & Smith, 1995 , 1998 .
Methods

Study site
The study site was Broadstone Stream, an acidic and iron-rich stream in the Ashdown Forest of South-east England National Grid TQ 436327 (Hildrew & Townsend, 1976; Lancaster & Hildrew, 1993) . The stream is 1±1.5 m wide, and the substratum consists of gravel, small stones and larger rocks. There is a great deal of dead wood and terrestrial leaf litter in the channel, and an extensive ochreous floc covers much of the bed in summer. During the study, the pH varied between 5.5 and 5.9, air temperature from 2 to 29°C and water temperature from 5 to 17°C. The stream is bordered on one side by deciduous woodland (hereafter named wood') mainly comprised of downy birch (Betula pubescens Ehrh.) alder (Alnus glutinosa (L.) Gaertner), common oak, (Quercus robur L.), with an understory of hazel, (Corylus avellana L.), elder (Sambucus nigra L.), and coppiced sweet chestnut (Castanea sativa Miller). The other side of the stream (hereafter named`open') has a thin (2±8 m), wooded riparian strip, which then gives way to open land dominated by bracken (Pteridium aquilinum (L.) Kuhn.) The bracken started to grow in the middle of June, and reached a height of about 0.5 m by the end of June and more than 1.5 m in early August. The stream is deeply shaded in summer and the channel is incised in the soft sandstone geology. Within 5 m from the channel, both banks rise between 1 and 1.5 m. Further from the stream, the wooded side rises only very gently, whereas the open side has a slope of approximately 20%.
Two types of traps were used: pyramidal emergence traps and bilateral Malaise (1937) traps. The emergence traps covered a stream area of 0.15 m 2 , had a triangular base and a collecting head at the top (Davies, 1984) . The entrance to the collecting head was formed by an inverted funnel around which was placed cotton wool wetted with a mixture of 70% isomethylated spirits (IMS) and glycerol. In a 200-m stretch of the stream, 15 emergence traps were placed randomly. They were operated from 7 March to 1 November 1996, with a weekly collection of the catch. The Malaise traps are described in detail in Sode & Wiberg-Larsen (1993) . In these traps, the insects are collected and killed in 70% IMS. Three Malaise traps were placed perpendicular above the stream (thus catching insects dispersing along the channel), and twelve were placed along a transect at distances of 1, 15, 30, 45, 60 and 75 m perpendicular to the channel on both the wooded and open sides. The Malaise traps were emptied once a week from 3 May 1996 to 12 March 1997.
The insects were sorted and the stoneflies identified to species using Hynes (1977) , and the caddisflies identified to species using Macan (1973) and Malicky (1983) . Males and females were counted separately, and subsequently preserved in 70% IMS.
Study design and statistical methods
Data from emergence and Malaise traps were analysed separately. The data from the fifteen emergence traps were pooled to give a qualitative picture of the phenology and sex ratio at emergence of stoneflies. The data from the Malaise traps were used to analyse spatial distribution and any deviation from a 1:1 sex ratio for both stoneflies and caddisflies, and the phenology of caddisflies. Finally, a model of the dispersal of stoneflies was fitted to the data. Deviation from a 1:1 sex ratio was assessed by a x 2 -test with Yates' correction (Fowler & Cohen, 1995 where y is numbers at distance x, b is the slope of the line, a is the y-intercept and e is the base of natural logarithms, was fitted as a model of the dispersal of the four most common stoneflies. The model was fitted in its logarithmic form, ln(y) = ln(a) + bx, by linear regression. A test for equality among the regression coefficients (slope of the line) was performed by the F-test (Sokal & Rohlf, 1995) . The distance from the stream not exceeded by 50% (i.e. the median distance) and 90% of each species was estimated from the integral of the models.
Results
More than 16 000 individual stoneflies belonging to 11 species were caught ( Table 1 ). The four dominant species were Leuctra fusca (Linne Â), Leuctra nigra (Olivier), Leuctra hippopus (Kempny) and Nemurella pictetii (Klapa Âlek), which together accounted for 96% of the catch in the emergence traps and 95% in the Malaise traps. Just under 400 individuals of caddisflies belonging to 22 species were caught ( Table 2 ). The two dominant species were Plectrocnemia conspersa (Curtis) and Potamophylax cingulatus (Stephens), which together accounted for 63% of the catch in the Malaise traps. Very few individual caddisflies were caught in the emergence traps.
Phenology
Stoneflies. The emergence periods of L. fusca, L. nigra and L. hippopus were well-defined ( Fig. 1 ). Leuctra hippopus emerged from 7 March and continued until 14 June 1996, L. nigra emerged from 3 April to 26 July 1996, and L. fusca emerged from 6 September and a few in-dividuals were still emerging at the end of the study on 1 November 1996. The emergence patterns of L. fusca, L. hippopus and L. nigra were unimodal. The emergence of N. pictetii was prolonged and rather erratic. Thus, Nemurella pictetii was caught throughout the collection period and was still emerging at the end of the study (Fig. 1 ). The pattern of catches was simi-lar in the emergence and Malaise traps, and when the catch declined in the emergence traps, it also declined in the Malaise traps after a short lag (Figs. 1 & 2). Caddisflies. The phenology of the caddisflies was estimated from the catch in the Malaise traps because very few individual caddisflies were caught in the emergence traps. Plectrocnemia conspersa was taken from 31 May to 10 October 1996 with 50% of the individuals caught before 16 August 1996 ( Fig.  3 ). Females of P. cingulatus were caught from 9 August to 18 October 1996, whereas males were only caught in the period from 23 August to 27 September 1996.
Sex ratio
Stoneflies. Overall, significantly more females (1285) emerged than males (740) and this pattern was true of Nemoura cinerea and the common species except L. fusca (Table 1) . For the four common species, females increasingly outnumbered males towards the end of the period (Fig. 1) . However, spot tests showed that some of the females caught in the emergence traps were individuals with mature eggs, which presumably had emerged elsewhere. The females were in majority in the Malaise traps above the stream (Table 1 ) though the sex ratio changed over the collection period for L. nigra and N. pictetii (Table 3 ; Fig. 2 ). Figure 2 indicates that the sex ratio of L. nigra and N. pictetii changed suddenly, as no difference was seen at the beginning of the period (L. nigra, 10±24 May; N. pictetii, 10 May ± 14 June; Table 3 ) but, after 24 May and 14 June, respectively, females then became dominant (Table 3 ). In L. hippopus and L. fusca, there was an over-representa- Table 2 Total catches of caddisflies from 12 Malaise traps operated on the banks or further away from the stream (`on land') and from three traps over the stream (`above stream'). Deviation from a 1:1 sex ratio was tested with a x 2 test with Yate's correction (only species with more than five individuals of each sex were tested) tion of females throughout the collection period (Tables 1 & 3 ; Fig. 2 ). On land, significantly more females than males of L. nigra and L. fusca were caught (Tables 1 & 4 ; Fig. 2 ). The sex ratio of the remaining species did not deviate significantly from 1:1 (Tables 1 & 4 ; Fig. 2 ). Caddisflies. Overall, the females were in the majority in the Malaise traps above the stream and on the land, but the latter was not statistical significant (Table 2) . Although statistical analysis of the sex ratio of only a few individual species was possible, the picture was similar above the stream for the two most common. Far more females than males of P. conspersa and P. cingulatus were caught. This difference was significant on land for P. cingulatus and above the stream for P. conspersa (Table 2) . We did not test the data from above the stream for P. cingulatus because too few males were caught.
Spatial distribution
Stoneflies. The three Malaise traps placed above the stream caught most of the stoneflies (Table 1; Fig. 2), although many of the species did disperse away from the channel to some extent. A difference in the numbers caught on the wooded and open side was encountered for some species. Thus, significantly more individuals of L. nigra and N. pictetii were caught in the wood than on the open side (Table 4 ; Fig. 4 ), whereas L. hippopus did not show an overall preference for either side of the stream (Table  4 ; Fig. 4 ). Leuctra fusca changed preference during the flight period. Initially, most individuals were caught on the open land, but towards in the end of the study, most individuals were caught in the wood (Fig. 4) . Despite being caught in far less numbers, Nemoura cinerea and Siphonoperla torrentium appeared to disperse inland, whereas Amphinemura sulcicollis was mainly caught above the stream (Table 1) .
Caddisflies. The majority of the caddisflies were caught in the vicinity of the stream. Thus, 83% of P. cingulatus and 94% of P. conspersa were caught within 15 m of the stream (Fig. 5) . Models for the distribution of stoneflies on land Number of individuals of the four common stoneflies (apart from males of L. fusca in the wood) declined significantly with distance from the channel (Table  5 ; Fig. 6 ). Linear, exponential and power functions were fitted as possible models of the dispersal pattern. The exponential model gave the best results in most 
cases (highest R
2 ) was consequently chosen. For the four common species (except for males of L. hippopus and L. fusca on the wooded side), the exponential model explained between 67% and 99% of the variation in numbers of individuals (Table 5) . Males of L. hippopus and L. fusca in the wood diverged from the common dispersal pattern. They seemed to disperse further inland, although few individuals were caught (Fig. 4) ; the exponential model did not fit (Table 5 ) and they were excluded from further analysis. No significant difference was found between the regression coefficients in the exponential model (F = 0.827, d.f. = 13), thus implying that the dispersal potential was similar for all species and sexes, but is dependent on the`input' from the stream. Therefore, the distance travelled perpendicular to the stream was estimated on the basis of a common slope (b = ±0.045). Half the individuals went less than 11±16 m from the stream, while 90% travelled less than 51 m ( Table 6 ). Females of Nemurella pictetii seemed to disperse slightly less into the open than into the wood (Table 6 ), whereas the dispersal of L. hippopus, L. fusca and L. nigra was similar in the wood and the open (Table 6 ).
Discussion
Phenology
Stoneflies. The flight periods of the stoneflies found in this study were in accordance with those reported by Hynes (1977) . No signs of protandry were found, in contrast to Singh, Smith & Harrison (1984) . However, it is remarkable that the flight periods for the males of L. nigra and L. hippopus were shorter than for the females and were skewed toward the beginning, a pattern which has also been observed in other studies Table 3 Summary of a repeated measures analysis of variance (ANOVA) on log (x + 1) transformed data for deviation from 1:1 sex ratio (Sex). The test was performed on the four most common stoneflies caught in Malaise traps`above the stream' with date as the repeated factor (Date). Sub-periods were tested for Leuctra nigra and Nemurella pictetii since the sex ratio was changing throughout the whole period (Date*Sex). The sub-periods were chosen according to Fig (Hynes, 1976) . This could be an artefact, however, caused by the intrusion of mature females, ready to oviposit, into the emergence traps (Zwick, 1990) . Observation of females with mature eggs in emergence traps in the present study supports this possibility. The association between a unimodal emergence pattern and a univoltine life-cycle found in Singh et al. (1984) cannot be confirmed. Nemurella pictetii was reported to have a univoltine life-cycle and L. nigra to have a semivoltine life-cycle (Iversen, 1978; Hildrew, Townsend & Henderson, 1980) , whereas the emergence pattern was found to be erratic for N. pictetii and unimodal for L. nigra. The factors triggering the emergence of stoneflies are still under discussion, but light, water temperature and discharge pattern, plus competition and nutrition in the nymphal stage, have been proposed (Brinck, 1949; Ulfstrand, 1969; Elvang & Madsen, 1973; Hynes, 1976; Sweeney, 1984 Sweeney, , 1993 Flannagan & Cobb, 1991; Giberson & Garnett, 1996) . Caddisflies. The flight periods of the common caddisflies in this study were broadly in accordance with Waringer (1986) and Sode & Wiberg-Larsen (1993) , although the temporal distri-bution of P. cingulatus at Broadstone Stream was narrower than reported by Waringer (1986) and the flight period of P. conspersa more prolonged than that reported by Sode & Wiberg-Larsen (1993) . Variation in climatic conditions and nutrition in the larval stage may influence the life-cycle (Tachet, 1967) , and thus, explain the difference in flight periods.
Spatial distribution
Stoneflies. Our results suggest that the majority of adult stoneflies stay close to the stream, and we estimated that 50% and 90% of individuals travelled less than 16 and 51 m, respectively. This pattern cannot be an artefact, caused by our catching stoneflies near the stream because we caught only a small minority of the 7000±14 000 stoneflies that we estimate emerged from the 200-m stretch each week during the peak period of emergence. However, individuals were caught up to 75 m from the stream channel and long-distance dispersal of a few individuals between different catchments cannot be excluded. Dispersal distances of stoneflies ranging between 60 m and several kilometres have been reported in other studies (Ulfstrand, 1969; Elvang & Madsen, 1973; Mu È ller, 1973; Kuusela & Huusko, 1996) . Long-distance dispersal may be due to casual events, such as drifting in the wind and/or attraction by light (Johnson, 1969; Kovats et al., 1996; Kuusela & Huusko, 1996) .
On the other hand, short-range dispersal of the stoneflies may be analysed in the light of the life history of each species. Adult stoneflies live for a relatively long time; thus, Khoo (1964) estimated adult life span at between 35 and 60 days for species belonging to the Nemouridae and Leuctridae under laboratory conditions. Consequently, stoneflies could change habitat several times, according to the stage of maturity. After emergence, they may disperse inland to mate, feed and rest, and subsequently, the females may move back to the stream to oviposit, whereas males have no reason to return to the stream (Fig. 7) . This postulated sequence of movements is consistent with the fact that newly emerged L. nigra with immature eggs were caught in Malaise traps next to the stream, whereas females with mature eggs were caught further inland (I. Petersen, unpublished data). Changes in sex ratio above the stream during the study period, with females dominating the catches later in the season, may be another indication of the fact that individuals, and particularly the females, change their habitat according to the stage of maturity. In future work, it will be important to distinguish this specu-lative model, which proposes that there is directed habitat change, from a hypothesis based on random movements. Table 5 Exponential models for the spatial distribution of the four common stoneflies, y = ae bx : y = numbers at distance x, b = slope of the line, and a = y-intercept The behaviour of adult stoneflies needs further research; for example, by marking experiments or other studies of behaviour. It is likely that new methods, perhaps involving molecular markers, will be required to detect the extent of dispersal between streams (Wilcock, 1998) . In the present study, significantly more individuals of L. nigra and N. pictetii were caught in the wood than on the open side. This suggests that the riparian vegetation may, in some way, affect the distribution of adult stoneflies, although, with only a single transect, deviation towards one side or another cannot be unequivocally associated with differences in vegetation. However, one hypothesis is that the riparian vegetation provides food, and thus, influences the distribution of adult stoneflies. Many stoneflies which feed as adults have been found foraging on trunks and twigs covered with lichens and green algae (Protococcales) (Hynes, 1942; Brinck, 1949) . Thus, Harper (1973) found adults of Leuctridae in the branches of coniferous trees, while the Nemouridae preferred deciduous trees and shrubs. The pattern found in this study and by Harper (1973) could also be caused by physical factors, such as temperature, humidity, wind, light and shade, since these conditions may differ in different type of vegetation. Yet another explanation was suggested by Sweeney (1993) , who found that adults of a variety of species actively select streamside trees as the preferred site to rest, feed or mate. Sweeney (1993) suggested that this behaviour could reflect an evolutionary history involving streams flowing through forested landscapes. It is also possible that biological factors may be of importance, including the avoidance of predators, and competition for food plus suitable mating, resting and oviposition sites.
Finally, if stoneflies actively select their adult habitat, this raises the question of how they do it. Knowledge of the orientation mechanisms in stoneflies is poor (Zwick, 1990) , although orientation of flight according to the wind (Roos, 1957; Elliott, 1967; Madsen et al., 1973 Madsen et al., , 1977 and to visual clues (Bird & Hynes, 1981a ) have been suggested.
Caddisflies. Data from the present study demonstrate that the majority of caddisflies, like the stoneflies, stay in the vicinity of the stream. The dispersal patterns differed between P. conspersa and P. cingulatus. Although few individuals were caught, P. cingulatus seems to have a wider dispersal range than P. conspersa. A similar pattern in long-distance dispersal has been observed previously (Svensson, 1974) and was explained by Sode & Wiberg-Larsen (1993) as a better ability of large, strong-flying limnephilids to disperse. The uneven sex ratio above the stream for both of the common species may be a result of differences in behaviour and activity between the sexes (Solem & Bongard, 1987) . Females with mature eggs need to oviposit in the stream, whereas the males have no reason to return. Thus, the hypothesized dispersal of stoneflies (Fig. 7) may also fit caddisflies. However, it is not possible to conclude anything about preferences for riparian vegetation as too few individual caddisflies was caught in the present study. Overall, our results suggest that most adult aquatic insects stay close to the stream. This may be one reason why the recolonization of restored streams is prolonged and why some streams may not attain the high biodiversity expected from their physical and chemical condition. Therefore, further investigations of the behaviour of adult aquatic insects and their preferences for riparian vegetation are essential of many reasons. Firstly, the dispersal from one stream to another influences community structure and Table 5 for the R 2 and Pvalues. (The dispersal of the L. hippopus and L. fusca males in the wood was not significantly described by an exponential model, thus the model is not drawn.) species diversity (Sode & Wiberg-Larsen, 1993) . Secondly, adult aquatic insects are a part of the food web in the neighbouring terrestrial ecosystem (Ward et al., 1998) . For instance, Jackson & Fisher (1986) estimated that only 3% of emergent insect biomass returned to the stream. Thus, changes in the management of riparian areas may influence the aquatic insect community, with important consequences for the terrestrial ecosystem. Table 6 Dispersal range of the four most common stoneflies. The distance was estimated from the integral of the models in Table 5 where these were a significant fit to the data 
